We measure the baryon acoustic oscillation (BAO) observables ( ) 
Introduction
Peaks in the density of the primordial universe are the sources of acoustic waves of the tightly coupled plasma of photons, electrons, protons and helium nuclei. [4] . The inner spherical shell becomes reprocessed by the hierarchical formation of galaxies [5] , while the outer shell is unprocessed to better than 1% [4] [6] (or even 0.1% with corrections [4] [6] ) and therefore is an excellent standard ruler to measure the expansion parameter ( ) a t of the universe as a function of time t . Histograms of galaxy-galaxy distances show an excess in the approximate range 145 11 − Mpc to 145 11 + Mpc. We denote by BAO d ′ the mean of this BAO signal. We set
where f is a correction factor due to the peculiar motions of galaxies ( f depends on the orientation of the galaxy pair with respect to the line of sight).
Measurements of these BAO signals are well established: see References [3] and [4] for extensive lists of early publications.
In this article, we present studies of BAO with Sloan Digital Sky Survey (SDSS) publicly released data DR13 [7] . The study has three parts:
1) We measure the BAO observables
BAO Observables
To define the quantities being measured we write the (generalized) Friedmann equation that describes the expansion history of a homogeneous universe:
The expansion parameter ( ) a t is normalized so that ( ) k
The terms under the square root in Equation (1) 
Galaxy Selection and Data Analysis
The present analysis is based on publicly released SDSS-IV DR13 data described in Reference [7] , and includes the SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) [15] , and the SDSS-IV Extended Baryon Oscillation Spectroscopic Survey (eBOSS) [16] which are designed for BAO measurements. A list of participating institutions in the SDSS-IV is given in the acknowledgment. We obtain the following data from the SDSS DR13 catalog [7] for all objects identified as galaxies that pass quality selection flags: right ascension ra, declination dec, redshift z , redshift uncertainty zErr , and the absolute value of the magnitude r . We require a good measurement of redshift, i.e. 
We calculate the absolute luminosity F of galaxies relative to the absolute luminosity of a galaxy with The fitting function is a second degree polynomial for the background and, for the BAO signal, a step-up-step-down function of the form
A run is defined as "successful" if the fits to all three histograms converge with a signal-to-background ratio significance greater than 1 standard deviation (raising this cut further obtains little improvement due to the cosmological fluctuations of the background), and the consistency parameter Q is in the range 0.97 to 1.03 (if Q is outside of this range then at least one of the fits has converged on a fluctuation of the background instead of the BAO signal). We obtain 13 successful runs for N and 12 successful runs for S which are presented in Table 1 and Table 2 respectively. The histogram of the consistency parameter Q for these 25 runs is presented in Figure 1 .
For each bin of redshift z we select from Table 1 and Table 2 the run with least 1 Q − and obtain the 18 independent BAO distances listed in Table 3 .
This Table 3 is the main result of the present analysis, and supersedes the corresponding tables for DR12 in References [8] and [12] . 
Uncertainties
Histograms of BAO distances ( )
have statistical fluctuations, and fluctuations of the background due to the clustering of galaxies as seen in Figure 1 .
These two types of fluctuations are the dominant source of the total uncertainties of the BAO distance measurements. These uncertainties are independent for each entry in Table 3 . We present several estimates of the total uncertainties of the entries in Tables 1-3 extracted directly from the fluctuations of the numbers in these tables. All uncertainties in this article are at 68% confidence level.
We neglect the variation of ( ) Table 1 and   Table 2 for 0.00054 respectively. We assign these numbers as total uncertainties of each entry in Table 1 and Table 2 .
The 18 entries in Table 3 Table 1 and Table 2 is 0.0111. The average of all entries in Table 1 and Table 2 is 0.03383. From the above estimates we take the uncertainties of ( ) From these numbers, we calculate the independent total uncertainties of ( ) From these estimates, we take the following independent total uncertainties for each entry of ( ) 
Corrections
Let us consider corrections to the BAO distances due to peculiar velocities and peculiar displacements of galaxies towards their centers. A relative peculiar velocity p v towards the center causes a reduction of the BAO distances ( ) 
The effect of these corrections can be seen by comparing the first two fits in Table 4 
BAO
We consider five scenarios:
1) The observed acceleration of the expansion of the universe is due to the cosmological constant, i.e.
( )
2) The observed acceleration of the expansion of the universe is due to a gas of Table 4 . Cosmological parameters obtained from the 18 independent BAO measurements in Table 3 in several scenarios. Corrections for peculiar motions are given by Equation (11) 
when ( ) DE a Ω is allowed to vary as in Scenario 4. There is no tension between Table 5 . Cosmological parameters obtained from the 18 BAO measurements in Table 3 plus MC θ from Equation (9) We now add BAO measurements with SDSS BOSS DR11 data of quasar Ly α forest cross-correlation at 2.36 z = [10] and Ly α forest autocorrelation at 2.34 z = [11] . From the combination in Reference [11] we obtain ( ) Figure 3 we present the results for offset bins of z (which are partially correlated with the entries in Figure 2 ). 
Measurements of
We can write the result for our purposes as Table 1 or Table 2 .
These measurements are partially correlated with those of Figure 2 .
(we have neglected the dependence of dec 1089.9 0.4 z = ± [2] [9] on the cosmological parameters). In this paragraph we take eq 3.38 N = corresponding to 3 flavors of neutrinos [2] . From Big-Bang nucleosynthesis, 2 b 0.0225 0.0008 h Ω = ± (at 68% confidence) [2] . With the latest direct measurement 0.720 0.030 h = ± by the Hubble Space Telescope Key Project [19] we obtain 1.000 0.021 A = ±
. An alternative choice is the Planck "TT + lowP + lensing" analysis [2] 
Comparison with Previous Measurements
Let us compare the results obtained with SDSS DR13 data with DR12 data. The 2 χ between Table 3 and Table III Table 3 and Table III of Reference [12] is 25.9 for 17 degrees of freedom. The disagreement in both cases is due to the same two entries in Table III of Reference [8] or Table III of Reference [12] with miss-fits 012 Ω = ± [2] . Note that these two results are based on independent cosmological measurements. See Table 4 for fits in several scenarios.
3) From 18 BAO measurements plus MC θ from the CMB we obtain Table 5 for fits in several scenarios. The cosmological parameters h , 
